Background -The maximum relaxation rate (MRR; percentage fall in pressure/ 10 ms) of oesophageal (POES) and transdiaphragmatic (PDI) pressure slows under conditions of loaded breathing, and has been measured previously in normal subjects. MRR has not been measured in intubated patients weaning from mechanical ventilation. Methods -Five postoperative patients who were expected to wean and nine patients who had previously failed were studied. POES and PDI MRR, peak oesophageal pressure during spontaneous breathing, maximum oesophageal pressure, and the inspiratory duty cycle were measured at rest during mechanical ventilation, in the first two minutes of spontaneous breathing, and after reventilation in those patients who failed, or before extubation in those patients who succeeded. Results -At rest POES MRR in intubated patients had a range of 5-6-11 and PDI MRR 6 9-10 0, with a coefficient of variation of 9-9% and 7-3% respectively. POES and PDI MRR were similar before and after extubation in five postoperative patients, and POES MRR was reflected by endotracheal MRR measured at the airway. In five patients who failed to wean POES and PDI MRR slowed by 47% and 44%, and fully recovered after 10 minutes reventilation. In four patients who were successfully weaned MRR was unchanged during spontaneous breathing. At the time when MRR decreased, the respiratory muscles were heavily loaded in relation to their strength. Conclusions -Weaning failure occurs when the applied load exceeds the capacity of the respiratory muscles, and this is associated with a slowing of respiratory muscle MRR. (Thorax 1994;49:54-60) The ability to sustain ventilation is dependent on central nervous system drive, the strength of the respiratory muscles, and the load applied to them. Available data suggest that central drive to the respiratory muscles is elevated in ventilatory failure,' and in patients who are difficult to wean those who eventually fail have a greater drive than patients who succeed.2 Attention has therefore focused on respiratory muscle function where investigators have sought to establish the importance of respiratory muscle fatigue during weaning.
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(Thorax 1994;49:54-60)
The ability to sustain ventilation is dependent on central nervous system drive, the strength of the respiratory muscles, and the load applied to them. Available data suggest that central drive to the respiratory muscles is elevated in ventilatory failure,' and in patients who are difficult to wean those who eventually fail have a greater drive than patients who succeed.2 Attention has therefore focused on respiratory muscle function where investigators have sought to establish the importance of respiratory muscle fatigue during weaning.
Respiratory muscle fatigue has been defined as an acute failure to generate the required or expected force or velocity which is reversible with rest.3 It can be induced in normal subjects during loaded breathing through an inspiratory resistance. 4 The degree and duration of loading needed to produce fatigue has been extensively investigated5 and can be numerically quantified to predict when force loss will occur.' By their nature, these studies have focused on the end point of loaded breathing, usually failure to achieve target pressures. Clinically, most attention is directed at observing the performance of patients at the beginning of a trial of spontaneous breathing in order to predict eventual weaning failure.
Under conditions of heavy load the rate of contraction and relaxation of muscle slows. The relaxation rate of the respiratory muscles has been measured from the rate of change of pressure after maximal or submaximal contractions of the diaphragm, either from sustained contractions7 or after brief inspiratory sniffs8 or gasps.9 Pressure has been measured in the oesophagus (POES), across the diaphragm (PDI), or in the upper airway.8 As the rate of relaxation depends in part on the amplitude of the waveforn, relaxation rate is expressed as the percentage fall in pressure over 10 ms (MRR).'0 From investigations in normal subjects, changes in MRR occur early during severely loaded breathing preceding failure to generate the required pressure, reach a plateau value which is sustained during the loaded period, and recover rapidly after rest." Although MRR has been used to explore the importance of severe loading of the respiratory muscles in the laboratory setting, it has not been measured previously in ventilated patients submitted to weaning trials.
The aim of this study was to measure MRR in intubated patients in the intensive care unit, to assess the practical importance of intubation on the measurement of relaxation rate, and to measure MRR in patients weaning from mechanical ventilation.
Methods
The study was approved by the hospital ethical committee of King's College Hospital and all normal subjects and patients gave informed consent. We studied four normal men (age range 29-41 years) and 14 intubated patients (seven men, age range 41-78 years). Of these patients, five were recovering from routine surgery and nine had received mechanical ventilation for a number of days or weeks and were currently weaning. Patients in the weaning group were included when they were able to breathe unassisted for a minimum of 15 minutes without the development of hypercapnia, required an inspired oxygen fraction of less than 50%, and were awake and able to follow verbal commands. Patients were excluded if febrile or unable to maintain oxygenation.
Pressure was measured in the oesophagus (POEs) and across the diaphragm (PDI) with 10 cm balloon catheters (P K Morgan, Rainham, Kent, UK) connected to Validyne MP-45 pressure transducers with a range of ±300cm H20 (Validyne Co, Northridge, California, USA). Transdiaphragmatic pressure (PDI) was derived electronically by subtraction of POES from PGA. In normal subjects upper airway pressure was also simultaneously recorded from a side arm port at the level of the mouthpiece.
The oesophageal and gastric balloons were passed through the nose after topical anaesthesia with 4% lignocaine to the nose and nasopharynx to a distance of 70 cm from the anterior nares. The oesophageal balloon was then withdrawn from the stomach into the oesophagus and the position adjusted to reduce the cardiac artefact.12
Intubated patients cannot sniff naturally because their upper airway is bypassed by the endotracheal or tracheostomy tube. We therefore attached a device to the endotracheal tube which limited flow in a similar manner to that observed in studies of the upper airway during freely performed sniffs.'3 The device was a simple flap valve which occluded flow during inspiration, thereby allowing the patient to generate a "sniff-like" inspiratory waveform.
Normal subjects were studied in order to show that MRR measured from inspiratory efforts through the flap valve slowed during loaded ventilation, and to investigate the transmission of waveforms from the thorax to the upper airway using the device. In the studies in normal subjects pressure was Sniffs were assessed in terms of acceptability in a manner described previously in laboratory subjects, namely that peak pressure should have a duration of less than 50 ms, the decay of pressure should occur smoothly without oscillations, and the duration of the inspiratory effort should not exceed 500 ms. 8 Chest and abdominal wall position was monitored by a respiratory inductive plethysmograph, RIP (Respitrace Inc, Ardsley, New York, USA). Sniffs were performed from the relaxed end expiratory point, as judged from the oesophageal pressure and RIP signal.
Oesophageal pressure was measured during representative periods of quiet breathing. TI/ TTOT was calculated from the inspiratory pressure signal. Ti was measured from the onset of the negative oesophageal pressure until the pressure signal returned to the baseline measurement. Tidal volume was measured by an in-line mechanical spirometer (Wright's respirometer). Maximum pressure was recorded by instructing the patient to perform inspiratory efforts through the flap valve in a similar manner to that during a maximal, freely performed sniff. Patients received verbal encouragement, visual oscilloscope feedback, and made three maximum efforts. The maximum oesophageal pressure generated during this manoeuvre was recorded. All patients undergoing weaning trials were assessed independently by the medical team responsible for their care, and respiratory rate, heart rate, abdominal paradox, and respiratory alternans were recorded during spontaneous breathing. These measurements were recorded without knowledge of simultaneous recordings of pressure, MRR, and duty cycle. A clinical impression of respiratory distress was recorded when the patients complained of shortness of breath, were unable to cooperate because of restlessness, or when they requested reventilation.
Mean data, regression analysis, paired t tests, analysis of variance, and correlation coefficients were obtained from the Minitab statistical program (Minitab Inc, State College, Pennsylvania, USA).
PROTOCOL

Normal subjects
The normal subjects were laboratory workers familiar with the measurement techniques who had experience in performing loaded breathing to exhaustion. Maximum static inspiratory oesophageal pressure was measured for all subjects. The subjects sat in an upright chair in front of a storage oscilloscope. Oesophageal pressure was displayed on the screen, and a second trace was adjusted so that it represented 80% of the maximum inspiratory pressure. The subject performed 10 rapid inspiratory "sniff-like" efforts through the flap valve, which was held in the mouth with the nose clipped, with rest between each effort. Each subject then breathed through an alinear resistance, achieving the 80% target with a square wave pressure during each breath, while expiration was unloaded. The subjects received verbal encouragement and visual feedback during each study. The end point occurred when three consecutive breaths failed to meet the target pressure. The subjects then performed brief maximal inspiratory efforts through the flow limiting valve at a rate of one sniff every 10 seconds over the ensuing five minutes. Further sniffs were recorded at 10 minutes after loading.
Intubated patients Five postoperative patients were studied after 4-6 hours of ventilatory assistance before and after extubation. All patients had coronary revascularisation surgery and ventilatory assistance was withdrawn when the patient had regained consciousness and was haemodynamically stable.
The nine patients studied during trials of weaning had been mechanically ventilated for more than seven days. All patients were orientated and alert. Previous attempts at weaning had resulted in hypercapnic respiratory failure in all patients. Entry into the study occurred when (1) (fig 1) . MRR measured at the mouth with the flow limiting valve was closely similar to MRR measured in the oesophagus (fig 1) . Before, during, and after recovery from fatigue MRR at the mouth closely followed MRR in the oesophagus. The correlation coefficient (r) of POES and PMO MRR was 0-980, p<0-001. Regression analysis showed that POES MRR = -0-908 + 1 1 PMO MRR (R2 = 0-952%, SEE = 0 23).
INTUBATED PATIENTS
Descriptive data are given for the patients in table 1. Of those patients who were ventilated for more than seven days, four were able to be weaned and continued to breathe spontaneously after the eight hour study period and were then extubated. In the following 48 hours no extubated patient was reventilated.
In five routine postoperative patients intubated POES MRR agreed closely with that found during a freely performed sniff after extubation (mean intubated POES MRR 8-63, extubated Mean POES MRR of all 14 patients was 8-53 (range 5 6-11 0). The coefficient of variation of mean POES MRR was 9-9% (range 3-4 20-4%). Mean PDI MRR was 8-54 (range 6-9-10) with a mean coefficient of variation of 7-3% (range 2A4-22%). In four patients who were successfully weaned we measured the within day variability of POES MRR and PDI MRR by measuring efforts on three occasions within an eight hour period. The mean coefficient of variation for POES MRR for the four subjects was 5-6% (range 1[5-14%) and for PDI MRR was 3 0% (1O0-5-5%). MRR of POES and PDi during mechanical ventilation (control), after 15-45 minutes of unassisted ventilation and subsequent reventilation in patients who failed to wean, or after eight hours of spontaneous ventilation in patients who weaned, is given in fig 2. In five patients weaning was unsuccessful. In these patients, during spontaneous ventilation MRR for POES and PDI fell and recovered after reventilation (ANOVA, p < 0-001). POES MRR fell by 47°% (range 24-61°%) and PDi MRR fell by 44% (range 22-56%). In four patients who were able to wean and were extubated and remained breathing spontaneously for a further 48 hours MRR did not alter during weaning (fig 2) .
It was possible to measure MRR each minute during the first six minutes of spontaneous ventilation in subject 4. POES MRR fell each minute from 7-64 to 424 and PDI MRR fell from 8-2 to 4-9 ( fig 3A) . In subject 3 MRR was measured each minute after reventilation. POES MRR rose from 44 in the first minute after reventilation to 9 3 after 10 minutes. PDi Figure 3 Oesophageal (POES) and transdiaphragmatic (PDI) MRR meas sequentially in two subjects during weani.ng. Figure 3A shows MRR after o three, four, five, and six minutes of spontaneous breathing in subject 4. Figt shows MRR measured during recovery after one, two, three, five, seven, an minutes of mechanical ventilation in subject 3. MRR rose from 3 6 in the first min after 10 minutes (fig 3B) . Figure 4 shows, for the nine pat entered the weaning trial, peak Po spontaneous breathing, maximum I volume, and duty cycle (TI/TTOT) first two minutes after cessation of n ventilation, immediately before rein those patients who failed to wean, hour in those who weaned. In those wean, peak POES per breath, Ti/1 PoEsbreath/PoEsmax rose, whereas to fall.
Clinical measurements of heart rat tory rate, and respiratory distress a by the patient, noted at the same tim are given in table 2. Only patient 1 dox and none had respiratory altern
Discussion
This study has shown that the MRR of the inspiratory muscles can be measured from brief inspiratory efforts through a flow limiting valve, and that it falls after heavily loaded breathing in normal subjects. Using the flow limiting valve MRR can be measured in intubated patients and does not alter in patients weaned after routine surgery. In a selected group of patients recovering from severe critical illness MRR did not slow during weaning in those who succeeded in breathing spontaneously, but did slow in those patients who failed to wean and required reventilation.
MRR has not previously been measured in intubated patients. Inspiratory waveforms through the valve were closely similar to those during freely performed sniffs. Closure of the valve occurred at an inspiratory pressure of 10-14 cm H2O which is similar to the pressure required to collapse the anterior nares during a freely performed sniff. 14 All patients were able to perform rapid inspiratory manoeuvres without discomfort from the endotracheal tube.
At rest, POEs and PDI MRR measured in our patients agreed with the values from previous studies in normal subjects' and patients. FToT, and manoeuvres.
VT tended In this study we were not able to measure simultaneously upper airway relaxation rate in te, respira-the patients who were being weaned. In the s reported laboratory the transmission of intrathoracic ie periods, inspiratory waveforms can be accurately had para-measured by balloon catheters in the mouth or ans.
nose.8 However, in patients with severe airflow 
